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ABSTRACT 


,T,V"‘~  "sport  presents  "•'suit®  of  a  two-phase - '•  r:-:;rr.  -zrzizt- 

ing  of  (l)  in-flight  measurement  of  aerodynamic  pressures  and  structural 
loads  on  a  compound,  rigid-rotor  helicopter  and  (2)  correlation  of  these 
data  with  theoretical  results . 

Flight  test  data  obtained  in  Phase  I  and  recorded  on  an  oscillograph  were 
read  on  an  oscillograph  reading  machine  and  were  processed  in  an  automatic 
data  reduction  program.  This  data  processing  consisted  of  integration  of 
the  pressure  data  to  obtain  the  distribution  of  aerodynamic,  lift  and 
pitching  moments  over  the  rotor  blade,  as  functiois  of  azimuth  position. 
Airload  and  structural  load  data  were  harmonically  analyzed. 

Output  of  the  data  reduction  program  was  used  in  Phase  II  as  input  to  the 
correlation  program.  The  measured  airloads  were  used  to  compute  the  theo¬ 
retical  bending  and  torsion  responses  of  the  blade.  The  measured  torsion 
moments  were  used  ir.  the  theoreti 'al  piediction  of  the  airloads.  The 
results  of  the  applied  theories  are  compared  with  the  flight  measurements. 


FOREWORD 


This  report  describes  a  two-phase  research  program  consisting  of  (l)  flight 
test  measurements  of  helicopter  rotor  blade  structural  loads  and  aerody¬ 
namic  pressures  and  (2)  correlation  cf  these  measurements  with  data  obtained 
from  current  theories.  This  research  program  was  conducted  by  the  Lockheed- 
California  Company  under  Contract  DA  LL-177-aMC-3?7(T)  to  the  U.S.  Amy 
Aviation  Materiel  Laboratories  (USAAVLABS) ,  Fort  Eustis,  Virginia. 

The  research  program  was  performed  during  the  period  from  June  1966  to 
October  1967.  Technical  monitoring  of  the  project  for  USAAVLABS  was  by 
W.  E.  Nettles. 

The  report  covering  the  program  is  presented  in  three  volumes.  Volume  I 
is  entitled  "Measurement  and  Data  Reduction  of  Airloads  and  Structural 
Loads".  It  contains  the  main  body  of  the  report  plus  Appendixes  I  through 
IV.  Volume  II  contains  Appendixes  V  through  IX,  with  all  flight  test  data 
in  tabular  form.  The  correlation  of  ti.e  measured  airloads  and  structural 
loads  with  theoretical  data  is  covered  in  Volume  III,  "Theoretical 
Prediction  of  Airloads  and  Structural  Loads  and  Correlation  with  Flight 
Test  Measurements" . 

The  Lockheed  program  was  under  the  technical  direction  of  A.  W.  Turner  and 
W.  E.  Spreuer,  engineering  managers,  surd  J.  E.  Sweers,  project  leader.  'Tie 
test  pilot  was  R.  Goudey.  Additional  Lockheed  personnel  associated  witL 
the  program  included  W.  H.  Foulke  and  R.  A.  Berry,  flight  test; 

C.  J.  Buzzetti,  E.  A.  Bartsch,  S.  H.  Lomax,  and  T.  H.  Oglesby,  structural 
flight  measurement;  R.  E.  Cook  and  R.  G.  Mur is on,  instrumentation; 

R.  D.  Baker  and  W.  C.  Weddle,  data  processing;  R.  E.  Donham  and  D.  H.  Janda, 
rotary  wing  dynamics;  C.  H.  Ranschau,  programming;  and  R.  P.  Boal,  editor. 

Appreciation  is  due  USAAVLABS  for  their  help  in  providing  assistance  and 
advice  in  planning  and  executing  the  entire  research  program. 
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INTRODUCTION 


Under  contract  to  the  U.  S.  Arry  Transportation  Research  Command** 

Lockheed  has  conducted  a  series  of  research  flight  test  programs  to 
determine  the  capabilitie*.  of  compound  helicopters  in  high-speed  flight 
(References  1  through  3).  The  objective  of  the  program  reported  herein  was 
to  investigate  rotor  blade  loads  especially  in  the  high-speed  range. 

The  test  vehicle  for  these  programs  was  an  XK-51A  helicopter  modified  to 
the  compound  configuration.  This  modification  consisted  principally  of 
adding  a  70-square- foot  wing  and  an  auxiliary  jet  engine  to  the  basic 
helicopter.  No  changes  were  made  to  the  rotor  system.  Because  of  its 
ability  to  provide  control  power  throughout  the  high-speed  range  with  an 
unloaded  rotor,  the  rigid-rotor  concept  is  the  key  design  feature  in  this 
compound  helicopter. 

Prom  1958,  when  Lockheed  stt  cei  developing  the  rigid-rotor  helicopter, 
until  the  start  of  this  contract,  all  blade  loads  were  measured  by  strain 
gages  only. 

With  rapidly  approaching  compound  helicopter  application,  additional  rotor 
blade  structural  loads  data,  aerodynamic  pressure  data,  and  correlation  of 
these  measurements  with  data  obtained  from  current  theories  as  presented 
in  this  report  are  needed  to  assist  aesigners  cf  future  compound  heli¬ 
copters  . 

Tne  overall  purpose  of  this  program  was  to  investigate  rotor  blade  loads  on 
a  compound  helicopter.  Specific  objectives  were: 

•  To  obtain  measured  airload  distributions  for  use  in  correlation 
with  theoretical  airload  distributions  and  for  calculation  of 
the  dynamic  response  of  the  rotor  blacte. 

•  To  obtain  measured  blade  response  for  these  same  conditions  for 
correlation  with  theoretical  response. 

•  To  evaluate  and  demonstrate  the  applicability  of  numerical 
computation  methods  to  the  p-»-ediction  of  blade  fatigue  loads. 


*  Name  changed  to  U.S.  Army  Aviation  Materiel  Laboratories  in  March  1965. 
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DESCRIPTION  OF  TEST  ARTICLE 


TEST  VEHICLE 


The  test  vehicle  was  the  Lockheed  XH-51A  rigid -rotor  helicopter,  S/N  1002, 
■edified  to  a  compound  helicopter  configuration.  The  major  modifications 
included  the  installation  of  a  short— span  wing  and  a  J-60  Jet  engine,  as 
shewn  in  Figure  1.  These  modifications  permitted  the  evaluation  of  a  vide 
range  of  rotor  lift  and  speed  combinations  from  hover  to  speeds  producing 
transonic  Mach  numbers  at  the  advancing  blade  tips.  Table  I  presents  a 
detailed  breakdown  of  the  pertinent  configuration  items.  Photographs  of 
the  test  vehicle  are  presented  in  Figures  2  and  3.  Photographs  of  the 
transducer  installations  on  the  blade  are  presented  in  the  Instrumentation 
section. 

The  basic  helicopter  was  a  standard  model  XH-51A  helicopter  with  a  35-foot- 
diameter  rigid  rotor,  a  Canadian  Pratt  and  Whitney  PT6B-9  engine,  and 
retractable  skid  landing  gear.  In  the  experimental  configuration  used  for 
these  tests,  the  passenger  space  was  utilized  for  the  instrumentation 
equipment  and  extra  fuel.  The  significant  item  for  this  program  was  the 
Installation  of  special  pressure  transducers  on  the  instrumented  rotor 
blade  (Ho.  l)  and  a  special  set  of  162  instrumentation  sliprings.  Refer  to 
the  instrumentation  section  of  this  report  for  a  detailed  description  of 
the  transducer  installations  on  the  blade. 

FATIGUE  AHALYSIS  AND  TEST  OF  THE  PERFORATED  ROTOR  BLADE 


A  fatigue  analysis  of  the  modified  main  rotor  blade  was  performed  using 
actual  laboratory  test  data  and  predicted  flight  loading.  The  method  used 
to  evaluate  the  effect  of  holes  in  the  rotor  blade  was  as  follows: 

1.  An  S-N  curve  was  derived  from  the  results  of  spectrum  fatigue  testing 
on  a  Model  286  main  rotor  blade  root  specimen. 

2.  A  stress  spectrum  was  derived  fran  the  anticipated  loading  spectrum 
for  the  flight  test  program. 

3.  A  cumulative  damage  calculation  was  performed  using  the  above  data. 

Ihe  estimated  futigue  life  of  18.1  hours  before  a  crack  starts,  indicated  by 
the  above  calculation,  is  sufficient  to  substantiate  the  safety  of  the 
flight  test  program  by  analytical  methods. 
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TABLE  I.  COMPOUND  HELICOPTER  DESCRIPTION 


General 

Design  gross  weight 

U, 500  lb 

Fuel  capacity  (includes  220- lb-capacity  torso  tank) 

700  lb 

Normal  crew  (plus  research  instrumentation) 

one  with  torso  tank 

Overall  length 

1*2.58  ft 

Maximum  ground  attitude  (tail  low) 

6° 

Roll  mass  moment  of  inertia  (including  rotor) 

1,500  slug-ft2 

Pitch  mass  moment  of  inertia  (including  rotor) 

3,180  slug- ft2 

Yanr  mass  moment  of  inertia  (including  rotor) 

3,800  slug- ft2 

Main  Rotor 

Type 

Rigid 

Diameter 

35  ft 

Number  of  blades 

It 

Blade  chord 

13  in. 

Blade  weight 

86  lb/blade 

Airfoil  section 

Modified  NACA  0012 

Blade  taper 

0 

Blade  twist  (root  to  tip) 

-5° 

Rotational  axis  tilt 

6°  forward 

Hub  precone 

+3.2° 

Preset  blade  droop  at  sta  27.85 

-1° 

Disc  area 

962  ft2 

Solidity 

.0818 

Disc  loading 

It. 68  lb /ft2 

Polar  moment  of  inertia 

1,013  slug- ft2 

Normal  operating  speed 

355  rpm 

Blade  sweep 

l-lt°  forward 

Control  Gyro 

Diameter 

72  in. 

Number  of  arms 

It 

Polar  moment  of  inertia 

7.5  slug- ft 2 

Incidence  angle  of  arms 

5.0 

TABLE  I  (cont'd) 

[Tall  Rotor  j 

Diameter 

72  in. 

Number  of  blades 

2 

Blade  chord 

8.5  in. 

Hub  type 

Teetering 

Airfoil  section 

NACA  0012 

Blade  taper 

0 

Blade  twist  (root  to  tip) 

-4.  35° 

Feathering  moment  balance  weights: 

weight 

2.25  lb /blade 

arm 

3-0  in. 

Delta  -3  hinge 

15° 

Disc  area 

28.27  ft2 

Solidity 

.1503 

Pitch  change  travel 

27°  to  -8° 

Normal  operating  speed 

2,085  rpm 

Wing 

Span 

16.83  ft 

Taper  ratio 

.5 

Area 

70  ft2 

Aspect  ratio 

It. 05 

Sweepback  (.25c) 

0 

Chord  (MAC) 

51.72  in. 

Airfoil 

NACA  23012 

Incidence  (fixed) 

-.9° 

Horizontal  Stabilizer 

Span 

108  in. 

Chord  (constant) 

26.4  in. 

Area 

19.8  ft2 

Aspect  ratio 

4.1 

Incidence 

-0.25° 

Airfoil  section 

NACA  0015 
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TABLE  I  (concluded) 

Tip  weights 

8  lb/side 

Vertical  stabilizer 

Span 

1*1.75  in. 

Chord  (tip) 

38.5  in. 

Chord  (root) 

51.5  in. 

Area 

12.68  ft2 

Taper  ratio 

.70 

Aspect  ratio 

.95 

Airfoil  section 

Modified  HACA  U2U 

Poverplants 

Primary 

Type 

Turboshaft  PT6B-9 

Maximum  power  (takeoff) 

550  SHP  %  sea  level 

Military  power  (30-minute  Unit) 

500  SHP  %  sea  level 

Fuel  type 

JP-k 

Oil  type 

Turbo  35 

Auxiliary 

Type 

Turbojet  J-60-P-2 

Military  thrust  §  200  knots 

2,1*90  lb  §  sea  level 

Fuel  type 

JP-1* 

Oil  type 

Turbo  35 

Thrust  axis  Inclination 

♦7° 

In  addition  to  the  fatigue  analysis ,  a  spectrum- type  fatigue  test  vas 
conducted  on  an  XH-51A  blade  root  sample  with  a  set  of  holes  identical  to 
that  of  the  flight  vehicle.  The  stress  spectrum  derived  for  rotor  station 
US  vas  simulated  on  a  cross  section  of  the  specimen  corresponding  to  rotor 
station  32.  The  test  duration  corresponded  to  20  hours  of  flight  time. 
After  this,  the  fatigue  test  vas  continued  for  another  20  hours  of  flight 
time  vith  a  10-percent  increase  of  varying  stresses.  Ho  cracks  due  to  the 
fatigue  loading  vere  observed,  and  the  test  vas  discontinued. 
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Figure  2.  Test  Vehicle  in  Flight 
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INSTRUMEHTATIOH 

IHSTRUMEMTATIOH  SYSTEM 


Conventional  instrumentation  methods  and  proven  instruments  were  used  in 
this  flight  loads  research  program  in  order  to  assure  measurement  accuracy 
and  reliability  throughout  the  flight  test  program.  Except  for  the  blade 
differential  pressure  transducers,  only  conventional  transducers  and  strain 
gages  veil  proven  in  the  past  were  used.  The  blade  differential  pressure 
transducers  are  a  relatively  new  product  and  represent  the  state  of  the 
art  in  this  type  of  measurement.  These  transducers  were  tested  both  in 
the  laboratory  and  in  the  vhirl  tower  to  prove  their  accuracy  and  integrity 
under  all  expected  environmental  conditions .  Dynamic  pressure  fluctuations 
to  60  cycles  per  second  and  static  blade  pressures  were  measured.  Instru¬ 
mentation  and  transducer  system  signal  phase  shift  was  investigated,  and 
phase  shift  correction  vas  found  to  be  unnecessary  for  the  frequencies  of 
interest. 

The  instrumented  main  rotor  blade  differential  pressure  transducer  and 
moarnt-measuring  strain  gage  bridge  signals  were  routed  through  a  162- 
slipring  assembly  to  two  50-channel  oscillographs.  Conventional  series, 
shunt,  and  calibration  resistors  and  controlling  equipment  were  used  with 
the  oscil' ^graphs  to  provide  proper  recording  trace  height  and  calibration. 
One  of  the  main  sources  of  helicopter  instrumentation  system  noise  is  the 
slipring  assembly.  Signal  amplification  is  often  necessary  to  produce  a 
satisfactory  signal-to-noise  ratio,  but  careful  design  of  the  slipring 
assembly  used  in  this  progrma  provided  microvolt  noise  level  and  signal 
amplification  vas  unnecessary. 

Additional  measurement  parameters  vere  provided  by  photo  recordings  of  the 
pilot's  instrument  panel.  Photographic  speed  vas  variable  from  one  picture 
every  5  seconds  to  10  frames  per  second. 

MEASUREMENT  PARAMETERS 


The  ccapound  helicopter  instrumentation  utilized  tvo  50-channel  oscillo¬ 
graphs  and  one  photo  recorder  (photographing  the  pilot's  instrument  panel) 
as  the  recording  devices. 

Time  correlation  of  the  three  recorders  vas  obtained  from  a  time  coordina¬ 
tion  system  driving  counters  simultaneously  on  the  photo  panel  and  in  the 
tvo  oscillographs. 

The  following  rotor  blade  measurements  were  recorded  in  the  oscillographs: 
•  1*6  Differential  pressure  sensors.  Figure  k 
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•  Blade  flapvise  bending  moments  measured  at  the  6-,  2k- ,  1*5-,  73-, 
H5-,  ll*0-,  157- ,  172- ,  and  185-inch  radial  stations  for  a  tots'*,  of 
nine  measurements.  Figure  5 

•  Blade  chordvise  bending  moments  measured  at  the  6-,  1*5-,  115- ,  and 
157-inch  radial  stations  for  a  total  of  four  measurements.  Figure  5 

•  Blade  torsional  moment  measured  at  radial  stations  115  and  185  inches 
for  a  total  of  two  measurements ,  Figure  5 

•  Flapwise  and  chordvise  acceleration  measured  by  two  accelerometers 
located  at  the  blade  tip 

•  Pitch  link  axial  load. 

The  following  transmission  gearbox  velocity  measurements  were  recorded  in 
the  oscillographs: 

•  One  vertical  velocity  at  the  top  of  the  gearbox 

•  Two  lateral  velocities ,  one  each  on  the  top  and  bottom  of  the  gear¬ 
box 


•  Two  fore  and  aft  velocities,  one  each  on  the  left  and  right  sides 
of  the  gearbox. 

The  following  vehicle  parameters  were  recorded  in  the  oscillographs: 

•  Angle  of  attack 

•  Main  rotor  blade  pitch  angle 

•  Collective  pitch  control  position 

•  Longitudinal  cyclic  pitch  control  position 

•  Lateral  cyclic  pitch  control  position 

•  Tail  rotor  pedal  position 

•  Main  rotor  shaft  torque 

•  Roll  rate 

•  Pitch  rate 

•  Yaw  rate 

•  Rotor  load 

•  Wing  root  bending  moment 

•  Horizontal  stabilizer  root  bending  moment 

•  Main  rotor  pip  (azimuth) 

•  Hormal  acceleration  at  the  center  of  gravity 

•  Sideslip  angle. 
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The  following  measurements  were  made  in  the  photo  recorder  panel  (time- 
phased,  photographic  record  of  pilot's  instrument  indications).  Figure  6: 

•  Airspeed 

•  Altitude 

•  Outside  air  temperature 

•  Exhaust  gas  temperature  of  the  main  rotor  powerplant  (PT-6) 

t  Exhaust  gas  temperature  for  the  auxiliary  propulsion  unit  (J-6o) 

•  Compressor  inlet  temperature  for  the  main  rotor  powerplant  (PT-6) 

•  Time 

•  Fuel  quantity  (total) 

•  J-60  engine  rpm 

•  J-60  engine  pressure  ratio 

•  Main  rotor  power  turbine  rpm 

•  Main  rotor  power  turbine  torque 

•  Main  rotor  shaft  rpm. 

Other  instruments  were  also  located  on  the  pilot’s  instrument  panel  for 
control  of  the  helicopter.  Figure  7  shows  an  oscillograph  and  the  pilot's 
instrument  panel,  while  Figure  6  shows  a  closeup  view  of  the  pilot's  instru¬ 
ment  panel  as  seen  by  the  camera. 

TECHHICAL  APPROACH 

Blade  Pressure  Measurements 

Pressure  transducers  were  mounted  at  seven  chordwise  blade  stations  at  each 
of  the  six  outboard  spanwise  stations  located  at  38,  57,  73,  85,  90*  and  95 
percent  of  blade  radius.  In  addition,  tranducers  vere  mounted  at  four  chord- 
vise  stations  on  the  inboard  spanwise  station  Cat  25  percent  of  blare 
radius ) .  The  table  ilow  shows  this  distribution  and  the  pressure  ranges 
in  paid  (in  parentheses)  of  the  transducers. 

Chordwise  location  Spanwise  location  in  percent  of  blade  radius 
in  percent  chord 
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Figure  7.  Oscillograph  and  Photo  Panel 


Pressure  transducer  selection  was  extremely  limited  because  of  the  very 
limited  space  available  in  the  helicopter  blade  and  the  small  pressure 
port  desired.  The  pressure  transducers  selected  were  manufactured  by 
Scientific  Advances  Incorporated,  model  SA-SEM-7F.  These  transducers  con¬ 
stitute  the  very  latest  in  an  improved  line  of  very  subminiature  semi¬ 
conductor  strain  gage  pressure  transducers.  These  transducers  incorporate 
temperature  compensation,  external  to  the  sensing  diaphragm,  by  thermistors 
located  on  the  transducer  paddle  (see  Figures  8  and  9). 

Tests  revealed  a  relatively  simple  technique  for  mounting  the  differential 
pressure  transducers  that  practically  eliminated  the  effects  of  blade 
strain  on  the  transducers.  This  technique  utilized  a  mounting  tube  which 
fitted  through  the  helicopter  blade  (see  Figures  8  and  10)  and  held  the 
pressure  transducer  by  its  rugged  reference  pressure  stem.  The  actual 
mounting  of  the  transducers  can  be  seen  in  Figures  9  and  11. 

After  the  pressure  transducers  were  mounted,  it  was  necessary  to  add 
a  fairing  to  cover  the  transducers  (see  Figure  8)  on  the  top  of  the  blade. 
Ibis  was  accomplished  by  putting  a  rubber  pressure  sealing  boot  around  the 
transducer  (see  Figures  12  and  13  fc-r  additional  fairing  details).  The 
rubber  fairing  was  originally  covered  with  a  stainless  steel  sheath,  but 
it  could  not  be  made  tight  enough  to  prevent  air  leakage.  Instead,  shim 
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Figure  8 


Figure  9-  Seven  Differential  Pressure  Transducers 
Exposed  in  Mounting  Holes 
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Pressure  transducer  selection  was  extremely  limited  because  of  the  very 
limited  space  available  in  the  helicopter  blade  and  the  small  pressure 
port  desired.  The  pressure  transducers  selected  were  manufactured  by 
Scientific  Advences  Incorporated,  model  SA-SEM-7F.  These  transducers  con¬ 
stitute  the  very  latest  in  an  improved  line  of  very  subminiature  semi¬ 
conductor  strain  gage  pressure  transducers.  These  transducers  incorporate 
temperature  compensation,  external  to  the  sensing  diaphragm,  by  thermistors 
located  on  the  transducer  paddle  (see  Figures  8  and  9). 

Tests  revealed  a  relatively  simple  technique  for  mounting  the  differential 
pressure  transducers  that  practically  eliminated  the  effects  of  blade 
strain  on  the  transducers.  This  technique  utilized  a  mounting  tube  which 
fitted  through  the  helicopter  blade  (see  Figures  8  and  10)  and  held  the 
pressure  transducer  by  its  rugged  reference  pressure  stem.  The  actual 
mounting  of  the  transducers  can  be  seen  in  Figures  9  and  11. 

After  the  pressure  transducers  were  mounted,  it  was  necessary  to  add 
a  fairing  to  cover  the  transducers  (see  Figure  8)  on  the  top  of  the  blade. 
This  was  accomplished  by  putting  a  rubber  pressure  sealing  boot  around  the 
transducer  (see  Figures  12  and  13  for  additional  fairing  details).  The 
rubber  fairing  was  originally  covered  with  a  stainless  steel  sheath,  but 
it  could  not  be  made  tight  enough  to  prevent  air  leakage.  Instead,  shim 
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Figure  8.  Blade  Pressure  Transducer  Tube  Installation 
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Figure  9.  Seven  Differential  Pressure  Transducers 
Exposed  in  Mounting  Holes 
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Figure  10.  Blade  Pressure  Transducer  Tube  Installation 
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Figure  13.  Blade  Fairing  for  Transducer  Installation 
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stock  (with  a  l/l6-inch  port)  large  enough  to  overlap  the  rubber  boot  cut¬ 
out  area  surrounding  the  transducer  was  placed  over  the  transducer  and 
sealed  to  the  rubber  boot.  Then  an  adhesive-backed  aluminum  foil  vas 
placed  over  the  rubber  boot  and  tightly  bonded.  Epoxy  cement  was  vised  to 
fair  in  the  edges  of  the  completed  assembly,  which  can  be  seen  in  Figures  lk 
and  15.  Periodically  during  flight  testing,  the  metallic  tape  covering  the 
transducer  installation  had  to  be  replaced  because  of  dust  particle 
erosion.  This  was  relatively  easy  to  accomplish,  and  the  problem  was 
minimized  by  reducing  operating  time  under  dusty  conditions. 

The  accepted  transducers  (six  were  rejected)  were  all  well  within  the 
manufacturer’s  specification  for  thermal  zero  shift  (less  than  0.05  per¬ 
cent  full  scale  per  degree  F)  ani  sensitivity  change  due  to  temperature 
change  (average  of  0.08  percent  full  scale  per  degree  F).  All  pressure 
transducers,  2,  5,  10,  and  15  psid,  were  calibrated  and  tested  throughout 
the  operational  temperature  range  for  comparison  with  manufacturer’s 
performance  specifications.  The  tests  included  linearity  and  hysteresis 
checks  as  well  as  a  sensitivity  determination.  Test  results  indicated  tha* 
the  performance  was  within  the  specifications,  but  additional  tasting  was 
performed  to  determine  stability  under  expected  operating  conditions. 

Transducer  installation  development  was  carried  out  by  installation  of 
three  transducers  in  a  test  blade.  This  blade  and  the  installation  were 
subjected  to  twisting,  bending,  and  vibrating  inputs  simulating  flight 
conditions.  This  blade  was  X-rayed  before  the  tests  began  and  during  the 
testing  to  verily  that  the  transducer  tube  installations.  Figures  8  and  10, 
did  not  affect  the  structural  integrity  of  the  blade.  Results  cf  all  these 
tests  were  satisfactory,  and  installation  of  the  transducers  in  the  flight 
blade  began  immediately. 

As  each  pressure  transducer  was  installed  on  the  blade,  the  sensitivity 
to  blade  stress  was  checked  and  a  leak  test  was  conducted.  After  the 
transducer  installation  and  checkout  were  completed,  wiring  runs  and  ter¬ 
minations  were  accomplished  and  the  protective  transducer  fairings  were 
installed. 

To  prove  the  mounting  technique  a  single  pressure  transducer  * \s  installed 
on  a  special  test  blade.  Output  from  this  transducer  was  recorded  on  an 
oscillograph  during  whirl  tests  of  the  blade  on  a  whirl  stand  through  normal 
operating  ranges.  The  fact  that  the  operation  and  output  of  this  trans¬ 
ducer  were  satisfactory  during  these  tests  provided  a  basis  for  confidence 
in  the  installation  method. 

Shake  tests  were  performed  on  the  nonrotating,  completely  instrumented 
rotor  blades  to  determine  the  natural  flapwise  and  chordwise  bending  mode 
frequencies  and  to  determine  the  response  of  pressure  pickups.  Shake  tests 
were  also  performed  on  the  noninstruaented  blades.  The  measured  mode  shapes 
c-f  the  instrumented  blade  were  compared  with  the  calculated  mode  shapes 
(Figure  l6).  Ballast  weights  were  installed  in  the  noninstrumented  blades 
to  compensate  for  the  difference  in  mass  distribution  between  the  blades. 
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Figure  14.  Transducer  Installation  Completed 
(Top  Surface  of  Blade) 


Figure  15.  Transducer  Installation  Completed 
(Bottom  Surface  of  Blade) 
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After  the  shake  test,  the  completely  instrumented  blade  was  X-ray 
inspected* to  check  blade  structural  integrity  in  the  area  of  the  holes 
bored  for  transducer  installation.  The  X-ray  inspection  was  also  used  to 
provide  a  reference  for  later  X-ray  inspections  which  were  performed 
periodically  during  the  flight  testing. 

A  frequency  response  test  was  performed  on  a  typical  pressure  transducer 
installation  in  the  range  of  interest  for  the  program.  The  test  was  con¬ 
ducted  by  applying  an  oscillating  pressure  first  to  the  diaphragm  side 
(top  of  blade)  and  then  to  the  vent  side  (bottom  of  blade)  of  the  transducer. 
The  outputs  of  the  transducer  as  jell  as  of  a  reference  transducer  of  known 
characteristics  were  recorded  on  an  oscillograph  and  monitored  for  phase 
and  amplitude.  The  results  indicated  an  essentially  flat  response  and  minimal 
phase  shift  up  to  150  Hz,  which  if.  well  above  the  frequencies  of  interest 
on  this  program. 

In  reducing  flight  data  it  was  found  that  in-flight  zero  shifts  were  occur¬ 
ring  on  sane  of  the  blade  pressure  measurements.  Zeros  recorded  before  and 
after  the  flight  showed  differences  of  approximately  U  percent  of  full  scale 
on  the  pressure  gages  with  a  range  of  15,  10,  and  5  ppid  and  about  9  per¬ 
cent  on  the  low-range  pressure  gages  of  2  psid.  The  differences  were 
larger  than  would  have  been  predicted  on  the  basis  of  laboratory  tests.  A 
thorough  investigation  of  the  possible  parameters  causing  the  undesired 
zero  shift  was  initiated.  This  investigation  showed  that  the  semiconductor 
strain  gages  tended  to  drift  from  one  stable  condition  to  another.  Oscillo¬ 
graph  recordings  teken  in  the  hangar  at  different  time  intervals  indicated 
that  some  of  the  transducers  drifted  mere  than  others.  This  was  partially 
due  to  the  transducer's  use  of  external  temperature  compensation.  Quite  a 
number  of  transducers  were  fairly  stable.  Readings  at  zero  rotor  speed  and 
at  100-percent  operating  rpm  with  collective  set  for  nearly  zero  blade 
angle  showed  considerable  differences  on  some  elements  which  could  nit  be 
explained  by  the  small  pressure  differences  due  to  the  blade  twist. 

Readings  of  the  mean  values  of  two  different  hovering  conditions  on  the 
same  flight  also  showed  the  effect  of  zero  shift.  Similar  but  smaller 
differences  were  observed  when  repeated  readings  were  made  of  the  same 
flight  condition,  specifically  160  knots  level  flight,  on  different  flights. 

On  these  flights,  the  readings  were  taken  at  the  same  azimuth  position  for 
each  spanwise  station,  where  a  very  low  pressure  difference  could  be 
expected. 

The  effect  of  rotor  rpm  (centrifugal  load)  on  the  transducers  was  investi¬ 
gated  by  covering  the  openings  to  the  transducers  with  brass  sheet  metal 
and  by  sealing  with  tape,  thus  reducing  or  eliminating  the  response  to  pres¬ 
sure  variation  during  runup  of  the  rotor,  hovering,  and  rotor  rundown. 

Large  zero  shift  on  some  of  the  transducers  was  observed  during  the  runup 
and  rundown  phase,  while  the  shift  frees  one  hovering  condition  to  a  second 
hovering  condition  of  the  same  test  was  fairly  small.  The  results  of  all 
these  tests  indicated  that  the  conventional  method  of  recording  zeros 
before  and  after  the  flight  did  not  produce  reasonable  zeros  for  data 
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reduction.  Since  zero  shift  affects  only  the  static  components  of  the 
pressure  measurements,  transducer  zeros  were  obtained  by  data  analysis, 
as  is  explained  in  more  detail  in  the  Reduction  of  Data  section.  The 
dynamic  components  of  the  pressure  measurements ,  the  more  important  portion 
of  the  correlation  program,  are  not  affected  by  the  zero  shift. 

Blade  Load  Measurements 


One  of  the  blades  of  the  main  rotor  vas  instrumented  vith  strain  gages,  as 
shown  in  Figures  5,  9,  12,  lU,  and  15.  This  blade  contained  the  airload 
differential  pressure  transducers.  Blade  loads  were  measured  vith  350- 
ohm  foil  strain  gage  bridges  located  to  define  the  spanvise  distribution 
of  flapping  and  in-plane  bending  moments.  As  previously  noted,  a  slipring 
assembly  of  162  active  sliprings  was  used,  allowing  simultaneous  recording 
of  all  main  rotor-rotating  measurements. 

Blade  Tip  Acceleration 

The  instrumented  blade  also  contained  tvo  Statham  strain  gage  accelerometers 
to  measure  flapwise  and  chordvise  acceleration  at  the  blade  tip  as  shown 
iu  the  following  sketch: 


Transmission  Gearbox  Velocity 

Five  gearbox  velocities  (one  vertical,  two  lateral,  and  two  fore  and  aft) 
were  measured  with  MB  Model  120  transducers .  The  Inset  area  in  Figure  17 
shows  this  installation. 

Photo  Recorder  Panel  (Pilot’s  Instrument  Panel) 

The  pilot's  instrument  panel  with  conventional  aircraft  indicators  and 
special  flight  test  indicators  was  used  as  photo  recorder  panel.  Figures  6 
and  7  show  the  typical  photo  recorder  panel  instrumentation  configuration 
used  in  the  airloads  program.  Pictures  of  the  photo  recorder  panel  .were 
taken  with  a  l6nm  camera  at  a  rate  of  2  frames  per  second.  Synchronization 
of  the  photo  panel  data  and  the  oscillograph  record  occurred  by  vise  of 
synchronized  frame  counters. 
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The  oscillograph  vas  a  Consolidated  Electrodynamics  Corporation  type 
S-l-1?^  operating  on  28-volt  dc  aircraft  power.  The  galvanometers  used 
were  Consolidated  Elect rodynamics  Corporation  type  7-315  which  have  a 
flat  response  15  percent)  in  the  frequency  range  from  0  to  60  cycles  per 
second. 


Signal  Conditioning 


Although  the  pressure  transducer  signals  (^3  mv  full  scale)  and  blade- 
mounted  strain  gage  signals  were  relatively  low  level  signals ,  no  attempt 
was  made  to  amplify  the  signals  to  a  higher  level.  Instead,  a  carefully 
specified  and  designed  slipring  assembly  was  used  which  had  less  than  10 
microvolts  peak-to-peak  noise.  The  slipring  assembly  incorporated  aligning 
bearings  between  the  brushes  and  rings  to  minimize  biush  movement.  The 
slipring  assembly  vas  completely  enclosed  to  prevent  the  entrance  of  dirt 
and  dust  (see  Figure  17).  A  slipring  assembly  consisting  of  162  sliprings 
was  selected  for  these  tests  to  provide  sufficient  capacity  for  all  rotating 
measurements.  Galvanometers  with  flat  response  from  0  to  60  cycles  per 
second  filtered  high-frequency  electrical  noise  and  minimized  the  effects 
of  U00- cycle  pickup.  RC  filters  were  used  in  the  eg  vertical  accelerometer 
circuit  and  in  the  pitch,  roll,  and  yaw  rate  signals  to  eliminate  the  k-per- 
revolution  rotor-induced  signal. 


Conventional  series  and  shunt  calibration  resistors  and  controlling  equip¬ 
ment  were  used  with  the  oscillographs  to  provide  proper  recording  trace 
height  and  calibration.  The  main  recording  devices  were  two  5C-chazmel 
oscillographs  and  one  photo  recorder  which  photographed  the  pilot's  instru¬ 
ment  panel.  Time  correlation  of  the  data  was  obtained  from  a  master  unit 
driving  a  counter  on  the  pilot's  panel  and  a  pulse  on  the  oscillograph. 
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DESCRIPTION  OF  TESTS 


SAFETY  OF  FLIGHT 


Safety  of  flight  was  a  prime  consideration  in  the  program.  Thorough  pre¬ 
flight  and  postflight  inspections  were  conducted  on  each  test.  The 
oscillograph  records  were  surveyed  after  each  flight  to  assure  that  the 
measured  parameters  were  within  allowable  limits  and  that  the  required 
measurements  were  operable.  The  instrumented  blade  was  removed  and  X-rayed 
after  every  two  hours  of  flight  time  to  assure  its  structural  integrity. 

A  chase  plane  with  a  qualified  Lockheed  pilot  and  engineering  observer 
accompanied  the  helicopter  on  every  flight  to  observe  the  test  vehicle 
closely.  The  chase  plane  observers  also  provided  radio  assistance  with  the 
airspace  controllers  and  steered  the  test  vehicle  away  from  other  aircraft. 

FLIGHT  TESTS 


The  flight  test  program  consisted  of  recoruing  the  outputs  of  the  blade 
pressure  transducers  and  load  strain  gages  during  approximately  50  test 
conditions  (or  test  points).  These  conditions  were  divided  into  two  gen¬ 
eral  modes:  the  helicopter  mode  in  which  the  auxiliary  Jet  engine  was 
inoperative,  and  the  compound  mode  in  which  the  auxiliary  jet  engine  thrust  was 
used  as  required  to  obtain  the  test  conditions.  In  general,  the  helicopter 
mode  included  hover,  low-speed  forward  flight,  transition,  steady  turns, 
and  maneuvering  pullup  flight  conditions.  The  compound  mode  of  operation 
included  a  range  of  level-flight  speed  conditions ,  puilups  to  maximum  load 
factors,  and  maneuvers  with  various  rates  of  control  applications.  Table 
II  lists  the  conditions  tested  together  with  pertinent  details.  Test  con¬ 
dition  32  has  been  deleted,  since  the  maximum  level-flight  speed  was 
reached  under  test  condition  31.  The  tests  covered  a  range  of  altitudes 
from  sea  level  to  10,0QC  feet  and  speeds  from  zero  to  the  maximum  of  232 
knots  true  airspeed.  The  compound  configuration  tests  were  executed  with 
a  constant  collective  pitch  setting  of  L  degrees  which  resulted  in  low 
rotor  lift  at  the  high-speed  condition.  All  tests  were  flown  with  a  for¬ 
ward  eg  offset  of  1.6  inches  and  a  lateral  eg  position  of  k.l  inches. 

The  following  paragraphs  amplify  the  procedures  used  for  the  flight  test 
of  each  condition.  An  oscillograph  record  was  made  by  the  pilot  when  the 
aircraft  was  in  the  specified  flight  condition. 

Helicopter  Mode 

Test  Condition  1  -  Hover.  To  satisfy  condition  1  the  helicopter  was 
positioned  a  few  feet  above  the  ramp  in  a  steady  hover  condition.  Condi¬ 
tion  1  was  used  as  a  baseline  for  instrumentation  purposes  and  was  performed 
ac  the  beginning  and  end  of  each  flight. 
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Test  Conditions  2  through  ^  -  Collective  Pullups.  Rapid  applications  of  the 
collective  control  were  made  by  the  pilot  from  a  steady  hover  to  obtain  the 
target  load  factor. 

Test  Conditions  5  through  8  -  Level  Flight.  The  level-flight  test  points 
vere  taken  in  stabilized  level  flight  in  smooth  air  with  the  helicopter 
trimmed  at  the  specified  speeds  and  altitudes. 

Test  Conditions  9  through  12  -  Steady  Turning  Flight.  Steady  turns  vere 
set  up  by  the  pilot  at  the  scheduled  airspeed,  altitude,  and  load  factor. 
Airload  data  vere  taken  after  the  turn  vas  stabilized. 

Test  Conditions  13  through  15  -  Pullups  at  80  Knots.  The  pullup  maneuver 
vas  accomplished  by  pushing  over  and  then  pulling  slovly  up  to  obtain  the 
target  load  factor  and  speed  as  the  nose  pitched  up  through  the  horizon. 

Test  Conditions  16  and  17  -  Autorotation.  Data  recordings  for  the  auto- 
rotative  entries  vere  made  by  setting  up  the  test  conditions,  turning  on 
the  oscillograph, and  then  performing  the  entry.  The  oscillograph  vas  then 
turned  off.  Another  recording  vas  made  during  the  stabilized  descent. 

Test  Conditions  18  through  20  -  Transition.  These  conditions  vere  started 
from  a  lov  hover.  The  oscillograph  vas  turned  on;  the  pilot  then  pitched 
the  aircraft  nose  dovn  to  the  desired  attitudes  (estimated)  and  accelerated 
tc  knots  (airspeed  indicator  off  the  peg). 

Test  Conditions  21  and  22  -  Landing  Approach  Flare.  The  landing  approach 
flare  condition  vas  set  up  by  accelerating  at  a  constant  altitude  from  a 
hover  to  the  desired  speed.  The  oscillograph  vas  then  turned  on  and  the 
deceleration  to  hover  vas  accomplished. 

Compound  Mode 

Test  Conditions  23  through  50.  These  test  conditions  vere  accomplished  in 
the  same  manner  as  in  the  helicopter  mode  but  vith  J-60  thrust  as  required 
to  maintain  the  test  condition.  A  collective  setting  of  degrees  and  a 
rotor  rpm  of  100  percent  were  used  for  all  conditions.  Test  condition  32, 
level  flight  at  maximum  speed,  has  been  deleted  because  this  condition  vas 
obtained  under  test  condition  31. 
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ABLE  II.  FLIGHT  TEST  CONDITI 


TEST 

coromo.v 

so. 


description 

OF  TEST 
CONDITION 


HOVER 

COLLECTIVE  PULLUP 
COLLECTIVE  PULLUP 
COLLECTIVE  PULLUP 
FORWARD  FLIGHT 
FORWARD  FLIGHT 
FORWARD  FLIGHT 
FORWARD  FLIGHT 
LEFT  TURK 
RIC3£T  TURK 
LEFT  TURK 

hi  can  turk 

COLLECmVE  PULLUP 

COLLECTIVE  PULLUP 

COLLECTIVE  PULLUP 

AUTQROTATI  OK 

AUTQROTATIOH 

TRAHSITIOK 

1RAKSITIOX 

TRAHSITIOK 

FUHK 

FIARE 

LEVEL  FLIGHT 
LEVEL  FLiCST 
LEVEL  FLItaT 
LEVEL  FLIGHT 
LEVEL  FLIGHT 
LEVEL  FLIGHT 
LEVEL  FLIGHT 
IEVEL  FLIGHT 
IEVEL  FLICan 
LEVEL  FLIGHT 
LEVEL  FLIGHT 
LEVEL  FLIGHT 
PULLUP 


COMPUTER 
HUH  HO. 


PULLUP 

l  *5-1 

PULLUP 

55. C 

PULLUP 

'  8.c 

PULLUP 

25-0 

PULLUP  WITH 

5L.0 

VARIOUS  HATES 

55-0 

OF  COKTROL 

u.C 

APPLICATION' 

7.0 

LEFT  TURKS 

.v.V 

LEFT  TURKS 

56.0 

LEFT  TURKS 

RIGHT  TURKS 

3.0 

L7.C 

RIGHT  TURKS 

57-0 

RIGHT  TURKS 

IC.C 

OSCILLOGRAPH 
cr  UHTER 


CG 

VERT 

ACCEL. 

G 


AKGIE  OF 
ATTACK. 
DEG 


TABLE  II.  FLIGHT  TEST  CONDITIONS 


I 

r 

L 


TEST 

NO. 

OSCILLOGRAPH 

COUNTER 

MEASURED 

ROTOR 

LOAD, 

LB 

CG 

VERT 

ACCEL. 

G 

ANGUS  OF 
ATTACK, 
DEG 

COLLECT. 

BLASE 

ANGLE, 

DEG 

GROSS 

NT. 

IB 

m 

Efl 

ALT, 

FT 

JET 

INTEGRATED 

ROTOR 

LOAD, 

LB 

TEST  CONDITION 
ANALYSIS 
PERFORMED 

502 

53fi 

4980 

1.00 

• 

10.61 

4990 

_ 

_ 

~~"1 

OFF 

4587 

FULL 

1*97 

536 

5160 

1.19 

- 

11.1 

4841 

- 

GROUND 

GW 

4609 

PARTIAL 

497 

545 

5T71 

1.31 

- 

12.1 

4638 

. 

GROUND 

OFF 

4752 

PARTIAL 

498 

563 

6850 

1.54 

- 

13.27 

4671 

- 

GROUND 

OFF 

6331 

FULL 

502 

354 

4720 

1.02 

3.62 

7.56 

5010 

51 

605 

OFF 

4145 

FULL 

502 

327 

4812 

0.98 

1.21 

6.0 

5006 

59.5 

1065 

OFF 

3746 

PARTIAL 

5C4 

257 

4883 

O.98 

-1.51 

9-2 

5051 

8c. 5 

1060 

OFF 

4739 

PARTIAL 

|  502 

306 

5330 

1.04 

-2.11 

10.93 

5010 

105 

106c 

OFF 

4354 

FULL 

498 

404 

6260 

1.42 

3-47 

9-C 

4906 

61 

975 

OFF 

5789 

PARTIAL 

498 

419 

599'J 

1-32 

2-56 

S.9 

4696 

56 

860 

OFF 

5500 

PARTIAL 

504 

269 

5890 

1-33 

1-51 

9.54 

5050 

64 

1025 

OFF 

5819 

FULL 

50!*  . 

278 

5800 

1.27 

1.36 

9.21 

5040 

8  2 

1005 

OFF 

5317 

PARTIAL 

504 

311 

5973 

1-36 

2.27 

9-3 

5036 

84.5 

1005 

OF? 

5825 

PARTIAL 

504 

329 

7020 

1-73 

5.44 

10.0 

5031 

SO 

1070 

OFF 

6972 

PARTIAL 

494 

338 

7700 

2-06 

6.84 

3.0 

4915 

67 

975 

OFF 

8015 

PARTIAL 

505 

354 

4630 

1.0 

- 

3.49 

4900 

- 

115 

OFF 

3655 

FUU. 

503 

3  07 

3837 

1.06 

18. 90 

3.2c 

49S6 

S3 

1075 

OFF 

2760 

PARTIAL 

502 

417 

5115 

1-03 

- 

10.7 

5241 

- 

OFF 

4670 

PARTIAL 

503 

351 

5320 

1.07 

- 

11.09 

4990 

. 

mm 

OFF 

4418 

FULL 

*97 

494 

5134 

1.05 

-lp.Kfa 

10.6 

4661 

- 

OFF 

3617 

PARTIAL 

494 

4650 

1.02 

12-70 

4.93 

4891 

60 

- 

OFF 

4205 

FULL 

K&H 

363 

4942 

1-07 

- 

9-7 

5006 

- 

GROUKD 

OFF 

4283 

PARTIAL 

501 

346 

2670 

1-02 

10.79 

3-61 

494c 

10? 

U05 

ON 

2129 

FULL 

502 

163 

24T1 

0.97 

9-06 

3-6 

124.5 

1045 

ON 

1528 

PARTIAL 

494 

164 

1948 

1.06 

745 

3-27 

5100 

163-5 

U6c 

ON 

1363 

FULL 

1«94 

264 

1040 

1.05 

5-47 

3-lo 

4960 

207 

1245 

OH 

282 

FULL 

500 

458 

610 

1.15 

4.20 

3.24 

5110 

227 

1220 

CK 

-426 

FULL 

497 

4ie 

I636 

1.03 

6.6 G 

3.70 

4891 

170 

3530 

ON 

923 

PARTIAL 

497 

373 

1091 

1.01 

4.63 

3.80 

4936 

215-5 

37«5 

ON 

-108 

PARTIAL 

'<77 

394 

863 

1.10 

5.13 

3.50 

4906 

219-5 

3720 

ON 

lei 

PARTIAL 

500 

570 

65- 

1-13 

4.80 

3.34 

4940 

232 

3655 

ON 

72 

FULL 

498 

250 

2260 

1.05 

10-50 

3-37 

5026 

157 

101CO 

ON 

1683 

PULL 

498 

278 

1210 

1.02 

7-1C 

3-50 

4996 

202.5 

10105 

ON 

395 

PARTIAL 

501 

246 

839 

1.03 

6.08 

3-80 

5011 

219 

10370 

ON 

276 

PARTIAL 

502 

175 

3290 

1.32 

U.63 

3-52 

5150 

126 

1025 

ON 

2565 

FULL 

502 

168 

3900 

1.61 

13.44 

3-76 

5150 

124 

1005 

ON 

3576 

FULL 

503 

190 

3163 

1.69 

10.35 

4.00 

5091 

16C 

953 

ON 

267C 

PARTIAL 

494 

226 

14>0 

1.36 

6.54 

3-17 

5030 

206 

1390 

ON 

851 

FULL 

497 

256 

1545 

1.63 

7-55 

3-56 

5096 

206 

1025 

ON 

727 

FULL 

503 

120 

2311 

1.39 

8.85 

3.80 

4986 

83 

1075 

ON 

1810 

PARTIAL 

503 

14C 

2616 

1.56 

9-75 

3-70 

5151 

166 

1290 

OH 

2071 

PARTIAL 

494 

151 

2C54 

1.54 

9-27 

3-6o 

5115 

163 

1U0 

ON 

2606 

PARTIAL 

494 

174 

2220 

1.21 

6.21 

3-30 

5100 

l6c 

1175 

OH 

1336 

PARTIAL 

502 

226 

3073 

1-25 

1C.  72 

3.4c 

51U 

124 

lOeO 

ON 

2344 

partial 

503 

163 

2530 

1.34 

8.7C 

3.6c 

5140 

i6i 

1175 

OH 

1705 

FULL 

494 

244 

1495 

K  w 

6.C8 

3-50 

5005 

207-5 

1385 

ON 

1036 

PARTIAL 

502 

242 

3338 

11.33 

3-7C 

5091 

124 

905 

ON 

2550 

PARTIAL 

503 

176 

2620 

9.45 

3-70 

5110 

164 

1105 

ON 

lc?0 

PARTIAL 

494 

256 

1586 

M£M 

6.23 

3-23 

4995 

208 

1265 

ON 

1212 

FULL 

REDUCTION  OF  DATA 


GENERAL 


A  minimum  of  U9  different  flight  conditions  listed  in  Table  II  was  selected 
for  data  reduction.  On  20  of  these  conditions,  a  complete  data  analysis 
was  performed  with  the  purpose  of  theoretical  correlation.  A  partial  data 
reduction  was  performed  on  the  remaining  test  conditions. 

The  complete  (full)  data  analysis  of  the  20  selected  conditions  was  done  on 
all  pressure  data  and  all  structural  load  data.  By  partial  data  reduction 
is  meant  that  all  pressure  data  were  analyzed,  but  the  only  load  data 
reduced  were  flapwise  and  chordwise  bending  moments  at  span  stations  6  and 
115.  Air  pressure  data  were  read  entirely  in  order  to  obtain  complete 
input  data  for  the  partial  response  analysis  of  the  correlation  program. 

The  data  reduction  program  served  the  main  objective  of  the  research  pro¬ 
ject,  namely,  the  correlation  of  the  measured  and  calculated  airloads  and 
structural  loads  data.  The  reduced  data  had  to  be  presented  in  a  form  most 
suitable  for  the  comparison.  Some  of  the  data  generated  in  the  data  reduc¬ 
tion  program  for  flight  test  data  were  punched  in  cards  so  that  they 
could  be  used  directly  as  input  data  in  the  correlation  program.  Other 
data  were  presented  in  plotted  form  to  be  used  for  comparison  with  theoret¬ 
ical  data.  These  requirements  and  uhe  way  that  the  measured  data  were 
recorded  were  important  factors  governing  the  data  reduction  program  and 
the  sequence  in  which  individual  computing  steps  were  conducted. 

Airload  and  structural  load  data  for  presentation  in  comparison  with  theo¬ 
retical  data  in  Phase  II  of  the  research  program  were  plotted  versus  azimuth 
position.  In  order  to  obtain  the  airload  versus  span  and  versus  azimuth 
position,  the  integration  along  the  chord  was  performed  prior  to  the  deter¬ 
mination  of  harmonic  components. 

The  airload  data  obtained  from  flight  test  were  also  integrated  in  sections 
as  lumped  loads  for  discrete  span  stations.  The  harmonic  components  of  these 
loads  were  punched  in  IBM  cards  and  used  in  this  form  as  input  data  for  the 
correlation  program. 

The  data  reduction  program  was  designed  to  process  all  types  of  data,  in¬ 
cluding  those  which  describe  the  flight  test  conditions,  pressure  data 
which  have  to  be  integrated  to  airload  data,  and  structural  load  data  which 
have  to  be  compared  with  theoretical  data. 
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FLIGHT  TEST  CONDITIONS 


A  complete  description  of  the  actual  flight  test  conditions  were  necessary 
for  the  correlation  program.  Data  were  taken  from  the  oscillograph  and 
from  the  pilot’s  instrument  panel  photo  recorder.  The  following  data  were 
determined:  gross  weight,  rotor  rpm,  true  airspeed,  altitude,  eg  vertical 
acceleration,  angle  of  attack,  main  rotor  shaft  torsion,  roll  rate,  pitch 
rate,  yaw  rate,  and  collective  blade  angle. 

Data  ftram  the  photo  recorder  were  obtained  by  reading  the  frame  nearest  to 
the  cycle  selected  from  the  oscillograph  record.  The  weight  was  calculated 
from  takeoff  weight  and  corrected  for  fuel  consumed.  True  airspeed  was 
obtained  from  indicated  airspeed.  Oscillograph  records  of  test  condition 
data  were  read  as  mean  values  during  the  selected  cycle. 

The  main  parameters  describing  the  U9  flight  conditions  tested  are  listed 
in  Table  II. 

AIRLOADS 


Determination  of  Zero  Reference  Lines 


A  difficulty  encountered  in  the  use  of  the  differential  pressure  trans¬ 
ducers  concerned  the  quality  of  the  data  obtained  during  the  course  of  any 
flight  testing.  An  examination  of  oscillograph  trace  recordings  from  early 
tests  indicated  that  a  drift  higher  than  desired  was  present  on  about  one- 
third  of  the  pressure  recordings.  This  condition  was  particularly  notice¬ 
able  when  preflight  and  postflight  zeros  were  compared  for  repeatability. 

In  many  cases  the  zero-condition  reading  differences  were  larger  than 
expected  on  the  basis  of  previous  laboratory  tests. 

The  cause  of  the  trace  shift  was  later  determined  to  be  a  combination  of 
several  factors  which  were  discussed  previously  in  the  Instrumentation 
section  under  Technical  Approach.  Briefly,  such  factors  included  the 
effects  of  centrifugal  force,  temperature,  and  time  on  the  response. 

Based  on  observations  of  the  drift  behavior  made  during  stabilized  flight 
conditions,  an  effective  method  of  data  reduction  was  realized  by  develop¬ 
ing  correction  functions  to  be  applied  to  the  pressure  data  obtained  at  the 
various  conditions.  For  instance,  the  zero  reference  level  for  each  pres¬ 
sure  output  was  determined  from  the  ground  condition  of  100-percent  rpm 
with  full  down  collective.  Preflight  and  postflight  oscillograph  trace 
levels  obtained  at  this  condition  were  in  fair  agreement,  as  opposed  to  a 
similar  comparison  of  the  nonrotating  condition.  In  addition,  this  con¬ 
dition  was  selected  as  the  one  that  most  nearly  approximated  an  actual  zero- 
pressure  output  cue,  differing  only  by  amount  due  to  the  effect  of  blade 
twist  in  the  rotating  environment.  This  blade  twist  pressure  distribution, 
or  desired  correction  function,  was  derived  in  th  following  manner:  The 
blade  angle  was  varied  from  +3  to  +10  degrees  at  the  root,  corresponding 
to  -2  to  +5  degrees  at  the  tip,  keeping  the  rovor  speed  constant  at  100- 
percent  rpm.  From  plots  of  the  differential  pressure  versus  blade  angle 
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for  all  U6  pressure  transducers,  the  pressure  distribution  due  to  twist 
was  determined  by  interpolation  and  extrapolation  toward  zero  blade  angle. 
This  method  was  based  on  the  assumption  that  the  differential  pressure  is 
zero  at  zero  blade  angle,  since  the  profile  of  the  blade  is  symmetrical. 

The  pressure  distribution  due  to  5-degree  twist  which  is  presented  in 
Figure  18  (solid  curves)  was  used  as  the  correction  function  for  the 
derivation  of  the  zero  reference  line  for  each  element  at  100-percent-rpm 
operating  condition. 

In  order  to  check  whether  this  pressure  distribution  represented  the  ex¬ 
pected  zero  lift  condition  of  the  rotor,  the  integration  program  was 
applied  and  a  result  of  30  pounds  was  obtained,  a  negligible  total  lift. 

The  correction  of  the  pressure  due  to  twist  was  small  compared  to  the 
pressure  measured  during  hover.  At  span  station  199-5  and  3.5  percent 
chord,  for  example,  the  pressure  ratio  was  0.21  to  7.0. 

The  correction  function  due  to  blade  twist.  Figure  18,  was  used  to  derive 
the  zero  reference  lines  of  the  pressure  transducers  for  all  hovering  and 
near-ground  c  iitions  close  to  the  100-percent-rpm  zero  lift  condition 
on  the  ground. 

Differences  between  before  and  after  flight  zeros,  using  the  correction 
function  described  above,  indicated  that  the  zero  reference  lines  were 
shifting  during  the  flight,  probably  due  to  time  and  temperature  effect. 

In  order  to  compensate  for  zero  shift  between  the  ground  condition  and  the 
in-flight  condition,  a  zero  correction  similar  to  the  one  described  above 
was  applied  for  all  flight  conditions,  especially  at  high  speed.  The  cor¬ 
rection  function  for  in-flight  conditions  was  based  on  a  loading  condition 
of  very  low  local  pressure  differences.  Such  a  condition  could  be  found, 
for  example,  on  the  retreating  blade  of  the  partially  unloaded  rotor  at  a 
speed  of  160  knots.  At  this  speed,  the  retreating  blade  experiences  nearly 
zero  speed  at  span  station  76  in  the  azimuth  range  from  about  2U0  degrees  to 
300  degrees.  This  is  also  the  area  of  nearly  zero  differential  pressure. 
Inboard  of  station  76,  the  area  of  reversed  flow,  the  tangential  speed  is 
very  low  and  the  pressure  is  also  nearly  zero.  Outboarc  of  this  station 
the  pressure  is  gradually  increasing  because  of  increasing  speed  toward  the 
tip.  The  azimuth  range  from  2^0  degrees  to  300  degrees  is  the  range  of  a 
very  flat  minimum  of  tangential  speed  and  very  low  change  of  differential 
pressure  (Figures  19  and  20).  Readings  of  the  differential  pressure  at  250 
degrees  azimuth  position,  using  the  corrected  zeros  at  130-percent  rpm  on 
the  ground,  were  plotted  for  repeated  test  runs  at  160  knots  true  airspeed, 
with  the  same  collective  blade  setting.  A  typicax  sample  is  shown  in 
Figure  21  (dashed  lines).  Differences  of  tne  plottings  for  the  different 
runs  were  fairly  small.  Families  of  curves  faired  in  the  directions  of 
span  and  chord  giving  best  fit  for  all  plots  of  the  same  condition  were 
drawn.  Plots  versus  rotor  span  station  are  presented  in  Figure  21  (solid 
lines) . 

This  family  of  curves  representing  the  pressure  distribution  of  the  blade 
at  250  degrees  azimuth  position  for  the  160  knots  true  airspeed  condition 
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was  used  to  derive  the  zero  reference  lines  cf  the  pressure  transducers 
for  all  in-flight  conditions. 

The  reference  condition,  160  knots  true  airspeed  and  low  collective  blade 
setting,  was  repeatedly  recorded,  two  or  three  times  during  each  flight  for 
each  altitude.  Tests  conducted  at  1000  and  3500  feet  did  not  show  any  sig¬ 
nificant  difference.  However,  the  10,000-foot  data  showed  slightly  higher 
pressures.  Therefore,  another  correction  function  was  established  for  the 
10,000-foot  altitude. 

The  shift  of  the  zero  reference  line  is  a  slow  process,  noticeable  only  ir. 
a  longer  period  of  time  between  test  runs ,  but  not  effect! ve  during  the 
short  period  of  one  revolution.  Therefore,  the  ze  'o  shift  does  not  affect 
the  cyclic  variation  cf  the  pressure  (dynamic  ec~ponent ) ;  it  can  affect 
only  the  steady-state  (static)  component.  Plots  and  crossplots  of  differ¬ 
ences  between  maximum  and  minimum  pressure  during  one  revolution  of  a 
typical  forward  flight  condition  shoved  no  noticeable  effect  on  the  sensi¬ 
tivity  of  the  transducers. 

In  order  to  minimize  further  the  possible  remaining  effect  of  zero  shift, 
dynamic  components,  not  affected  by  zero  shift,  ana  static  components, 
corrected  for  zero  s}  *  ft,  were  separated  throughout  the  entire  data  reduc¬ 
tion  program. 

Automatic  Data  Handling 

The  determination  of  the  airloads  and  the  preparation  of  the  flight  test 
data  for  the  uorrelrtion  phase  of  the  research  program  required  a  special 
data  reduction  program  which  included  <  number  cf  calculation  steps  and 
subroutines.  A  detailed  description  of  the  program  written  in  the  computer 
language  Fortran  IV  for  the  IBM  360/75  digital  computer  is  presented  in 
Appendix  I. 

The  basic  steps  of  the  automatic  data  handling  program  were: 

•  Preparation  of  the  input  data  for  the  following  computing  steps. 

•  Integration  of  the  pressure  data  to  obtain  loads,  pitching  moments, 
and  total  lift. 

•  Harmonic  analysis  of  airloads,  pitching  moments,  and  structural 
leads . 

•  Preparation  of  output  data  for  presentation  and  for  input  purposes 
in  the  correlation  computing  program. 

The  input  data  read  from  the  oscillograph,  in  small  time  increments  at 
arbitrarily  spaced  points  of  sufficient  number  to  describe  the  time  func¬ 
tion  accurately,  we. e  converted  into  engineering  units  (psi)  and  inter¬ 
polated  by  a  third-degree  polynomial  interpolation  routine  to  o. tain  72 
equally  spaced  data  points  per  cycle.  The  interpolation  routine  is 
described  in  Appendix  I.  The  72  interpolated  data  points,  sufficient  to 
describe  ten  harmonics  adequately,  were  used  in  all  subsequent  computing 
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steps  instead  of  the  actual  data  points .  Plots  of  test  data  after  the 
int  .-polation  process  was  applied  are  presented  in  Figures  19  and  20.  They 
are  directly  comparable  with  the  data  recorded  on  oscillograph.  Structural 
load  data  and  calculated  airload  data  obtained  after  the  interpolation  are 
used  for  comparison  in  Volume  III  in  plots  versus  azimuth  angle.  A  few 
samples  of  airload  plots  are  shown  in  Figures  22  through  31.  Harmonic 
analysis  was  applied  in  a  later  step  of  the  program.  The  dynamic  and  static 
components  of  the  differential  pressures,  respectively,  are  tabulated  in 
Appendixes  V  and  VI. 

Before  the  pressure  along  the  chord  was  integrated  to  obtain  airload  dis¬ 
tribution  versus  span,  the  same  interpolation  routine  as  above  was  applied. 
However,  only  seven  measured  poi.'ts  at  the  seven  pressure  gage  stations  were 
available.  Assumptions  for  the  leading  edge  and  trailing  edge  were  made. 

The  pressure  at  the  trailing  edge  can  oe  assumed  to  be  zero.  Slightly  dif¬ 
ferent  assumptions  for  the  leading  edge  were  necessary  in  order  to  simulate 
the  pressure  peak  near  the  leading  edge.  Wind  tunnel  data  from  NASA  0012 
airfoil  indicate  that  the  maximum  differential  pressure  for  positive  angles 
of  attack  is  ahead  of  chord  station  3.5  percent,  the  first  pressure  gage 
station, and  that  there  is  a  steep  slope  of  the  pressure  between  the  leading 
edge  and  the  pressure  peak.  The  pressure  peak  between  the  leading  edge  and 
the  first  pressure  gage  station  was  simulated  by  the  interpolation  routine, 
assuming  that,  if  the  pressure  at  3.5  percent,  chord  was  higher  than  at  8 
percent  chord,  the  pressure  would  rise  to  a  peak,  return  at  the  leading  edge 
to  the  same  level  as  at  station  3.5  percent  chord,  and  drop  to  zero  on  a 
vertical  line  at  the  leading  edge. 

In  the  cases  where  the  measured  pressure  at  3.5  percent  chord  was  lower  than 
at  8  percent,  no  assumption  for  the  pressure  at  station  zero  was  made  and 
the  pressure  distribution  between  zero  and  3.5  percent  was  obtained  u-j 
extrapolat i on . 

The  interpolation  and  extrapolation  of  the  pressure  along  the  chord  were 
applied  in  increments  of  l/1*  inch  for  a  total  of  53  points,  thus  providing 
sufficient  points  for  the  integration  process  along  the  chord  to  obtain 
blade  loads  and  pitching  moments.  The  integration  method  used  is  described 
in  Appendix  I.  Integrated  blade  loads  are  presented  in  Appendix  VII  for 
seven  span  stations  in  pounds  per  inch.  The  first  72  lines  (0.0  degree 
through  355*00  degrees)  represent  the  dynamic  components  of  the  airload, 
while  the  bottom  line  contains  the  static  components. 

Prior  to  the  integration  along  the  span,  the  same  interpolation  routine  as 
mentioned  above  was  applied  to  obtain  106  data  points  in  increments  of  2 
inches.  The  assumption  was  made  that  the  airload  at  the  tip,  at  blade 
station  26,  and  inboard  of  that  station  is  zero.  There  is  no  lift  in  the 
area  of  the  cuffs.  This  interpolation  step  was  applied  to  the  airload 
(normal  to  the  blade)  and  to  the  pitching  moment  about  the  lA-chord  line. 
Plots  of  airload  and  pitching  moment  versus  blade  station  are  presented  in 
Appendix  II  for  the  dynamic  components  and  in  Appendix  III  for  the  static 
components . 
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The  integration  along  the  span  was  done  in  segments  in  oriei  to  obtain 
lumped  loads  of  lift  (normal  to  the  blade)  and  pitching  moments  at  discrete 
span  stations.  The  width  and  the  mean  spar,  station  of  the  segments  are 
listed  in  Table  III  (see  Appendix  I). 

After  integration,  harmonic  analysis  was  applied  to  the  lamped  loads  of  lift 
(in  pounds)  and  pitching  moment  (in  inch-pounds).  These  data,  presented  in 
Appendix  VIII,  were  used  as  input  in  the  correlation  phase  of  the  research 
program.  The  total  integrated  load  of  the  rotor,  i.e.,  the  load  of  the  four 
blades,  is  listed  in  Table  II. 

In  order  to  present  the  spanwise  distribution  of  the  steady-state  and  first 
three  harmonic  components  of  the  blade  loads  along  the  span  (in  pounds  per 
inch),  the  harmonic  analysis  was  applied  to  the  running  loads  in  increments 
of  2  inches  of  span.  Plotted  results  are  shown  in  Appendix  IV. 

STRUCTURAL  LOADS 

The  structural  load  data  have  been  read  in  the  same  manner  as  the  pressure 
data.  A  large  number  of  data  points  along  the  trace  were  selected  such  that 
the  time  function  could  be  described  7?  data  points  per  cycle  applying 
the  third-degree  polynomial  interpola-  n  routine  (see  Appendix  I).  With 
7'2  points  per  cycle,  the  harmonic  corat  .jents  were  computed  up  to  the  tenth 
harmonic.  Plotted  time  histories  are  presented  in  Volume  III  of  the  report 
in  the  correlation  of  theoretical  and  measured  structural  response. 

Results  of  the  harmonic  analysis  are  giver,  in  Appendix  IX  of  this  report. 

All  but  one  of  the  structural  load  measurements  were  analysed.  Because  of 
crosstalk  to  other  loads  which  could  not  be  compfnsated  for,  the  strain  gage 
for  flapwise  bending  moment  at  station  2h  did  not  produce  reliable 
measurements . 


DISCUSSION  Of  RESULTS 


Several  different  methods  of  data  reading  and  data  reduction  were  applied 
in  order  to  check  the  reliability  of  the  procedures.  All  of  them  were  on  a 
comparative  basis,  with  flight  test  data  being  compared  with  flight  test 
data.  One  method  used  was  to  perform  the  same  data  reduction  for  more  than 
one  cycle  of  the  same  steady-state  condition  in  order  to  check  tne  repeat¬ 
ability  of  the  flight  test  data.  Another  way  was  to  apply  the  data  reduc¬ 
tion  on  repeated  test  runs  of  the  same  condition.  A  third  method  was  to 
compare  data  obtained  throughout  the  data  reduction  process  with  data 
obtained  by  derivation  from  other  measured  data. 

Comparison  of  Cycles  from  Same  Test  Run 

The  repeatability  of  flight  test  data  was  checked  by  performing  the  same 
data  reduction  on  two  additional  cycles  for  each  of  five  selected  steady- 
state  conditions.  The  conditions  selected  were  hover,  left  and 
right  turn  maneuvers,  and  three  different  level-flight  speed  runs.  Plots 
made  of  the  blade  load  variations  occurring  during  three  successive  rotor 
cycles  for  each  condition  are  shown  in  Figures  22  through  26.  The  blade 
load  data  shown  are  the  result  of  the  integration  along  the  chord  for  four 
different  blade  stations,  performed  on  72  azimuth  positions. 

In  general,  data  repeatability  is  good  for  all  of  the  selected  conditions, 
particularly  those  in  low-speed  regj ins.  In  hover  condition,  a  slight 
periodicity  can  be  observed  which  is  mainly  due  to  the  eg  offset,  some 
wind,  and  tail  rotor  interference.  At  +he  high-speed  condition.  Figure  2b, 
slight  differences  appear  in  the  higher  harmonic  content,  becoming  more 
noticeable  at  the  outboard  blade  stations.  Probably  these  small  dif¬ 
ferences  are  due  primarily  to  tip  vertexes  and  tip  Mach  effect  in  these 
regions . 

The  highest  tip  Mach  number  reached  at  test  condition  31  was  0.93,  a  value 
at  which  the  structural  loads  also  show  higher  harmonics  due  to  tip  Mach 
number  effect. 

The  integrated  rotor  load  of  the  second  and  third  cycle  deviates  in 
general  from  the  load  obtained  in  the  first  cycle  by  an  amount  within  the 
accuracy  of  the  data  acquisition  system.  The  differences  among  the  three 
cycles  for  the  test  conditions  1,  11,  25,  and  50  are  less  than  2  percent 
of  the  gross  weight.  For  the  test  condition  31  where  the  highest  tip 
Mach  number  of  0.93  was  measured,  however,  the  differences  among  the  three 
cycles  of  the  integrated  load  are  between  3  percent  and  k  percent,  still 
within  the  reading  accuracy  of  the  cscillograr^  data.  A  deviation  of  the 
reference  line  of  the  pressure  gages  of  0.01  j.  for  example,  would 
result  in  a  difference  of  tne  integrated  lift  of  j .96  pounds,  which  is 
approximately  U  percent  of  the  gross  weight  of  the  venicle. 
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Figure  2L.  Cosiparison  of  Blade  Section  Load  for  Three  Successive  Rotor 
Cycles  During  Level  Flight  at  163-5  Knots  True  Airspeed 
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Repeatability  comparisons  were  also  made  of  blade  load  variations  obtained 
on  separate  runs  of  the  same  test  condition.  Figure  27  shows  such  a  com¬ 
parison  of  blade  section  lift  for  three  repeated  speed  runs  at  approximately 
164  knots  true  airspeed.  The  differences  observed  among  these  three  runs 
are  equal  or  even  less  than  the  differences  among  the  three  cycles  of  the 
same  test  condition.  Also  the  integrated  loan  varies  less  than  3  percent 
of  the  gross  weight. 

Figures  26,  29,  and  30  show  the  gradual  change  of  blade  loads  with  an  in¬ 
creasing  speed  in  level-flight  conditions.  Figure  28  compares  blade  section 
load  for  three  different  level-flight  runs  covering  the  medium-speed  range. 

In  these  curves  the  outboard  blade  stations  in  particular  reflect  the  in¬ 
crease  in  dynamic  component  activity  as  speed  is  increased.  A  similar  com¬ 
parison  is  shown  in  Figure  29,  where  the  high-speed  region  is  covered. 

Again  the  outboard  stations  reflect  the  effects  of  increased  speed  as 
higher  harmonic  content  becomes  more  pronounced.  Figure  30  is  essentially 
similar  to  Fig’ ire  29;  only  the  test  altitude  is  different.  There  is  no 
apparent  change  in  the  curve  characteristics  due  to  the  difference  in 
altitude,  however.  Figure  31  compares  the  blade  section  lift  of  a  left  and 
a  right  turn  at  essentially  the  same  speed.  The  curves  are  very  similar 
ir  nature,  exhibiting  some  higher  harmonic  content  due  to  speed  and  blade 
loading  in  the  turn. 

Comparison  of  Measured  and  Integrated  Rotor  Load 

In  order  to  have  one  direct  measurement  which  represents  the  rotor  load,  the 
sum  of  the  axial  loads  of  the  four  vertical  links  between  fuselage  and  gear 
box  was  measured.  This  measurement,  however,  can  be  used  for  comparison 
with  the  integrated  load  in  level- flight  conditions  only,  because  it  includes 
dynamic  loads  from  the  gearbox  and  rotor  hub  and  some  control  loads  from 
the  collective  control  which  cannot  be  separated  from  the  rotor  load  by 
direct  measurement.  In  hover  and  in  low-speed  level— flight  conditions,  the 
measured  rotor  load  agrees  fairly  well  with  the  gross  weight  while  it  deviates 
in  high-speed  flight  and  in  dynamic  conditions  because  of  load  sharing  *,y 
the  fixed  wing. 

Tne  comparison  cf  the  integrated  rotor  load  with  the  measured  rotor  load 
reveals  that  the  integrated  load  is  in  general  lower  than  the  measured  load. 
The  difference  in  hover  condition  is  393  pounds  and  in  higher  altitude  for¬ 
ward  flight  above  100  knots  flying  in  the  compound  mode,  the  differences  are 
abcut  700  pounds  as  shown  in  Figure  3£.  Both  loads,  however,  decrease  with 
nearly  the  same  rate  with  increasing  forward  speed. 

The  consistent  differences  seem  to  indicate  that  the  instrumented  blade 
produces  less  lift  than  the  other  three  blades.  It  should  be  noted  that 
the  integrated  load  is  calculated  as  four  tines  the  integral  of  the  static 
components  of  the  blade  loads  versus  3pan  measured  norms 1  to  the  blade. 
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Figure  30.  Comparison  of  Blade  Section  Load  for  Three  Level- 
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This  Beams  that  any  load  difference  between  the  instrumented  blade  and  the 
I  other  noninstrumented  blades  appears  with  a  factor  of  h  in  the  total 

f  difference  between  the  integrated  and  the  measured  load. 


A  probable  cause  for  loss  of  lift  on  the  instrumented  blade  lies  in  its 
physical  deviations  from  the  noninstrumented  blades.  The  counting  of  the 
pressure  transducers  with  the  fairing  around  them  can  influence  the  pressure 
distribution  by  a  certain  amount.  The  added  weight  of  the  sleeves  and  the 
wiring  for  the  instruments  shifted  the  center  of  gravity  backward.  Counter¬ 
weights  at  the  tip  of  the  blade  near  the  leading  edge  were  necessary  to 
move  the  eg  of  the  blade  forward,  resulting  in  a  change  of  the  blade  angle. 

In  order  to  balance  the  rotor,  corresponding  weights  were  attached  on  the 
opposite  blade  at  the  quarter-chord  point.  During  the  balancing  and  tracking 
procedure,  the  tip  weights  on  the  instrumented  blade  and  the  counterweights 
on  the  opposite  blade  were  varied  until  the  rotor  appear' .d  to  be  balanced, 
and  the  four  blade  tips  followed  the  same  track  during  the  ground  run  and 
hover  condition.  In  order  to  keep  the  blades  in  track  during  forward  flight 
conditions,  the  trim  tab  at  the  trailing  edge  near  th~  tip  of  the  blade  was 
deflected  and  the  pitch  link  was  adjusted.  The  tracking  and  balancing  pro¬ 
cedure  by  changing  weights  and  trim  tab  deflections  was  continued  until  the 
residual  imbalance  was  acceptable  for  all  flight  conditions. 
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'lhe  final  configuration  of  the  instrumented  blade  after  tracking  and 
balancing  resulted  in  a  different  weight ,  airload,  and  tvist  distribution 
compared  with  the  other  three  blades.  It  is  therefore  very  likely  that  the 
static  component  o^  the  airload  of  the  instrumented  blade  was  shifted  in 
order  to  keep  all  static  moment  components  in  balance. 

Some  of  the  differences  night  be  explained  by  losses  in  the  integration 
process.  The  actual  pressure  peak  near  the  leading  edge  was  probably 
higher  than  could  be  simulated  by  the  interpolation  process  discussed  in 
the  Automatic  Data  Handling  section.  Also  the  assumption  that  the  airload 
was  zero  inboard  of  blade  station  26,  the  start  of  the  airfoil,  might  not 
be  true  in  all  cases. 

Another  probable  source  fo differences  in  the  total  load  is  the  zero- 
shift  sensitivity  of  the  pressure  gages  which  can  also  be  the  source  for 
the  scatter  in  the  data. 

It  is  unlikely  that  only  one  of  the  parameters  mentioned  above  is  to  blame 
for  the  differences  between  me as  tired  and  integrated  rotor  load.  The  largest 
contribution,  however,  seeris  to  be  the  dissymmetry  in  the  rotor  system. 
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APPENDIX  I 


XH-51A  AIRLOADS  COMPUTER  PROGRAM 


INTRODUCTION 

Hlils  program  was  designed  to  process  the  pressure  oscillograph  data  to 
obtain  airload  and  pitching  moment  with  their  harmonics.  After  the  trace 
readings  were  calibrated,  the  dynamic  component  was  separated  from  the  static 
component,  and  both  were  tabulated.  From  the  instrumentation  geometry  a 
cbordvise  pressure  distribution  map  of  the  blade  pressures  at  the  instru¬ 
mented  span  stations  was  built  for  every  5  degrees  of  blade  aziriuth.  Some 
of  the  pressure  distribution  maps  were  plotted,  and  all  were  integrated  to 
obtain  airload  and  pitching  moment  per  inch  of  span.  With  these  airloads 
and  pitching  moments  per  inch  of  span  and  the  two  known  end-point  values, 
a  s panwise  airload  and  pitching  moment  distribution  map  was  built  for  every 
5  degrees  of  blade  azimuth.  Some  of  these  were  plotted.  A  harmonic  analysis 
was  performed  and  plotted  on  the  airload  distribution  every  2  inches  of 
span.  At  preassigned  spaa  segments,  the  airload  and  pitching  moment  distribu¬ 
tions  were  integrated  spanvise  from  the  lower  to  the  upper  segment  limit  to 
obtain  the  airload  in  pounds  and  pitching  moment  in  inch-pounds  for  that 
particular  segment.  These  are  called  lur*  *  loads.  A  harmonic  analysis  of 
these  lunped  loads  was  performed,  tabulated,  and  punched  in  cards  for  input 
into  a  matrix  analysis  program. 

EEFINITIOH  OF  SYMBOLS 


Parameters 

T  azimuth  angle,  deg 

t  elapsed  time  of  data  reading  from  timing  reference,  sec 

T  period  of  one  blade  revolution  (elapsed  time  from  one  timing 
reference  to  the  next),  sec 

,  P  differential  pressure,  psi 

Ps  mean  differential  pressure  static  component,  psi 

Pd  differential  pressure  dynamic  component,  psi 

|  A1  airload,  lb /in.  of  span 

|  AL  lift  (lisaped  load),  lb 

i 

i 

i 


i 
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Pm  pitching  moment,  in. -lb/in. 

PM  pitching  moment  (lumped  load),  in. -lb 
S  span  station,  in. 


C  chord  station,  in. 

Subscripts 
r  reading  point 

e  oscillograph  element  (true) 
i  5-degree  azimuth  increments 
s  instrumented  span  stations 

c  instrumented  chord  stations 

k  interpolated  chord  stations  ( 1/4-inch  increments) 

J  interpolated  span  stations  (2-inch  increments) 

1  harmonic 

a  blade  segment 


DIFTKKKHTIAL  PRESSURES 

The  data  traces  are  read  by  machine  as  a  time  history.  The  program  cali¬ 
brates  the  data  readings  to  engineering  units  and  converts  time  to  blade 
azimuth  angle. 


Y 

r,e 


360. 


This  yields  a  table  of  P  and  Y  .  Entering  this  table  at  5-degree 

r  ,e  r  »e 

azimuth  increments,  the  program  interpolates  for  ?,  using  a  cubic  poly- 

nomlal  derived  from  the  third-order  difference  equation;  i.e.,  Newton’s 
interpolation  formula  with  divided  differences.  Hereafter ,  this  is  called 
cubic  interpolation. 


The  mean,  Psfi,  of  each  trace  is  calculated  and  tabulated. 


These  tabulations  are  labeled  I i fferential  Pressure  -  Static  Oonponents 

(Appendix  VI).  The  dynamic  differential  pressure,  Pd  .  .is  calculated 

1  ,e 

(Pd.  =  P.  -  Ps  ,  where  1  =  1,2. ..72  and  e  =  1,2.. .^6)  and  tabulated, 
l  ,e  i,e  e  * 

These  tabulations  are  labeled  Differential  Pressure  -  Dynamic  Cor.ponents 
(Appendix  v). 

PRESSURE  DISTRIBUTION 


Dynamic  Conponent 

At  the  seven  instrumented  span  stations,  there  were  four  or  seven  pressure 
transducers  aligned  chordwise  in  the  blade.  This  allowed  the  e  indices  to 
be  changed  to  s  and  c  indices,  since  each  transducer  was  located  at  a 
specific  span  and  chord  station.  Thus  for  each  of  seven  instrumented  span 
stations,  there  is  a  table  of  dynamic  pressure  versus  chord  station  for 
every  5  degrees  of  blade  rotation.  These  tables  of  pressure  and  chord 
station  were  modified  so  that  the  pressure  at  chord  station  13.0  (blade 
trailing  edge)  was  set  equal  to  zero.  At  chord  station  zero  (blade  leadinr 
edge),  the  pressure  was  set  equal  to  the  pressure  at  the  first  transducer 
reading  (3.5  percent  chord)  when  this  reading  was  higher  than  the  second 
transducer  reading  (6.0  percent  chord),  Vhen  the  pressure  at  chord  station 
3.5  was  lower  than  at  8.0  percent  chord  station,  the  cubic  extrapolation 
routine  was  applied. 

Entering  the  modified  table  of  Pd.  at  1/k-inch  increments  of  chord 

1  *s  *c  » 

station,  the  program  cubic  interpolates  for 

Pd.  .  ;  k  =  1,2.. .53. 
i,s,k’ 

If  plots  were  required  for  checking  curposss,  the  values  of  Pd.  were 

1,S,K 

plotted  versus  C^. 


Static  Conponent 

The  same  interpolation  routine  as  described  for  the  dynamic  blade  pressure 

was  applied  on  the  mean  pressure  to  obtain  the  table  Pc  ,  . 

s 
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ATPIjOAI'  AND  PITCHliiG  MOMENT 


i 

¥ 


i 

i 


I 


| 

1 

f 

le 

% 

i 


lynanic  Component 


At  each  instrumented  span  station  and  at  every  5 
Al,  ,  and  pitching  moment  about  the  1/U  chord, 

i® 

by  numerically  integrating  Pd.  .  ; 

I  ,S  ,K 


degrees  of  azimuth,  airload. 

Pm.  ,  were  calculated 
i,s 


A.l . 
i,s 


Pm. 


i,s 


-  x)  dx 


The  first  three  terms  of  Newton's  interpolation  formula  were  integrated 
which  were  sufficient  to  establish  the  accuracy  of  interpolation. 


The  airloads,  Al.  ,  wire  tabulated  at  each  5-degree  increment  of  blade 
l  ,s 

azimuth  and  labeled  Blade  Loads  -  Dynamic  Components  (Appendix  VII). 


The  tables  of  airload  and  pitching  moment  were  modified.  Since  the  hub 

area  makes  no  contribution  to  lift  and  pitching  moment,  Al  and  Pm  at  span 

stations  zerc  and  26  were  set  to  zero.  At  the  tip,Al  and  Pm  were  set  to 

zero  and  folded  (the  load  at  span  station  199  was  multiplied  by  -1  and 

entered  again  at  span  station  226).  Entering  the  modified  tables  of 

Al.  and  Pm.  at  2-inch  increments  of  span  station,  the  program  cubic 
i  |S  i »s 

interpolated  for  Al.  and  Pm.  , ,  where  ¥  =  13, l1*. . .106,  and  i  =  1,2...  72. 

i » J  1 »  J 

At  eight  azimuth  angles,  these  two  parameters  were  plotted  versus  span 
station,  S,.  These  plots  were  labeled  Blade  Loads  Versus  Span  -  lyna.rdc 
Component  s" ( Appendix  II ) . 


Airload  Al.  , 
stations. 


was  plotted  versus  azimuth  angle 


at  four  selected  span 


Static  Component 

The  tables  Psg  ^  were  then  integrated  to  find  the  mean  airload  and  mean 

pitching  moment.  These  data  were  stored  in  the  73rd  position  of  the  pitching 
moment  tables. 


13  / 

f* 

Al_,  = 
73, s 

J 

K 

dx 

^73,8  = 

13J 

i*. 

(3.?^  -  x)  dx 

c> 

5  6 


i 


These  two  parameters  were  cubically  interpolated  sp&nvise  to  obtain  A1 

T  j  » J 

and  plotted,  and  labeled  Blade  Leads  Versus  Span  -  Static  Components 

(Appendix  III). 


Harmonics 

Die  first  three  harmonic  components  of  the  total  airload  were  calculated  and 
plotted  at  every  2  inches  of  span.  Total  airload  is  the  sun  of  the  dynamic 
and  static  airload  components .  (The  plot  of  these  parameters  is  labeled  Blade 
Load  Harmonics.)  The  cosine  terms  are  labeled  Aq,  A^,  A 2  and  A^  and  the  sine 

terms  are  labeled  and  B^  .  The  techniques  of  harmonic  analysis  are 

described  on  page  63  under  Methods.  These  components  are  plotted  versus  span 
station  S  .  This  plot  is  labeled  Blade  Load  Harmonics  Versus  Span 
(Appendix  IV). 


*nted  Loads 


For  20  preselected  span  segments,  lift  A1  and  pitching  moment  Pn  were  calcu¬ 
lated  by  integrating,  spanvise,  Al.  ,  and  Pm.  ,.  The  integration  technique 

*  t  o 

is  described  under  Methods  on  page  62. 


Where  R  and  Q  are  the 
limits  of  the  preselected 
span  segments  as  defined  in 
Table  III 


The  first  ten  harmonics  of  lift  and  pitching  moment  for  these  blade  seg¬ 
ments  were  calculated,  tabulated,  and  punched  in  cards  for  input  into  a 
matrix  analysis  program.  Table  III  shows  the  limits  of  integration  and 
the  mean  span  station  for  each  segment  number.  The  tabulated  harmonic 
components  of  airloads  and  pitching  moments  are  shown  in  Appendix  VIII. 


s 

t 

? 

j 

I 


t 

f 


TABLE  III.  SEGMENTS  OF  SPAN  FOR  LUMPED  LOADS 

Segment 

Span  station 

Mean 

No. 

increments 

span  station 

(a) 

(Q  -  R) 

X 

0  -  U 

* 

2 

-  12 

« 

3 

12  -  22 

* 

h 

22  -  26 

* 

5 

26  -  32 

29 

6 

32  -  2t0 

36 

7 

1*0  -  50 

1*5 

8 

50  -  66 

58 

9 

66  -  80 

73 

10 

80  -  96 

88 

11 

96  -  110 

103 

12 

no  -  120 

115 

13 

120  -  130 

125 

ll* 

130  -  150 

11*0 

15 

150  -  161* 

157 

16 

16U  -  180 

172 

17 

180  -  190 

185 

18 

190  -  200 

195 

19 

200  -  208 

20h 

20 

208  -  2n.3 

209 

•This  is  the 

hub  area;  therefore,  no  airload 

• 
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PROGRAM  DESIGN 
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Cubically  interpolate  for  pitching 
moments  and  airloads  at  2-inch  span 
increments  for  every  5  degrees  of 
blade  azimuth. 


Harmonic 
Load  Plot 


Aq  and  first  three 
harmonics  vs  span 
station 


Tabulate  harmonic 
analysis  of  each 
span  segment 


Punch  first  ten 
harmonics  for  a 
matrix  analysis 


METHODS 


Newton's  Interpolation  Formula  with  Divided  Difference s  ( Re f erenc e  U ) . 


In  general 


f{x)=f(xo)+(x-xo)ftx0,xi]+(x-xo)(x-xi)ftxo,xi,x2] 
+(x-xq)  ....  (x-xn.i)f[xo,  .....  »xn] 


where 


f[x0]  = 

fUo.x.)  = 

Xi-Xq 

ft=0»  ••••  *nl  “  f — ] L- 

When  n  =  3  this  reduces  to 


»Xp]  —  f[xQ,  ...  »Xn_i3 

xn-xo 


Jx-x0){x-xi)(x-x2)r  1  /f(x3)-f(xi)  f(x2)-f(xi)\ 

X3-X0  JX3-X1  y  X3-X2  "  X2-XJ  ) 

1  /f(x2)-f(xi)  f  (xj )-i 

~x2-x0  \  X2-Xl  ~  Xl-X0 


)-f(xo)\ 
-x0  / 


where  x0,Xj,X2,  and  X3  are  any  known  values  with  corresponding  known 
values  of  f(xo),f(xi) ,f(x2),  and  f(x3)  *-^.'n  f(x)  is  required  at  x. 

Integration  hy  Integrating  the  First  Thyrr.  Terms  of  Newton*  s  Interpolation 
Fomu-la  “  ~  —  -  — 

Hie  first  three  terns  of  Newton’s  interpolation  formula  are 

f(x)-f(x„)  .±2°  [f(x,;-!-(x0;i  ♦  u-xoiCx-x. )  l^o)| 

Xj—Xq  X,— Xq  X2— Xj  Xl-XQ  J 

Integrating 


— *  '  t 

Jf(x)to.t(x„,ax.fi^H^>/(x- 

^  v*  ^  v*  Ya 


x0)dx  + 


*2 

-J_  ffUjh£UL>.£5iih£<iii)]  |  (x-x„>  (x-x,)ax 

X2-X0[  X2-X!  Xj— x0  \Jx  0  1 


t 


x2 


Sf  (x)dx-*(x2-x0)£f  (x0)-Cxo+Bx0xi|  4-  .3li~X^-B(x1»Xo)|  4-*|fc(X2.-x0) 


where 


r  .  f(*i)-f(x0> 
— JCT-r0- 


— L_[! 

X2~XC  L 


f(x2)-f(xi) 


x2-x0l  x2-Xi 


£(x1)-f  (x0)1 
Xl“X0  J 


This  is  used  numerically  by  adding  the  index  i  to  all  subscripts;  i.e., 

x2  now  is  x,,  . 

*  24  x 


$f(x)dx 


/x2+i 

f (x)dx 

j“o  XM 


where  i  * 


.  f(N-l)/2;  if  N  is  odd  ? 

2j  and  n  -  j  (N_2)/2;  if  N  is  ever.! 


Harmonic  Analysis  (Reference  5) 

The  Fourier  Series  of  y  *  f(x)  is 
n  n 

y  *  A0  +^>Aj  cos  jx  -^>  Bj  sin  jx 

iml  j=l 

or  in  the  complex  form 


y  *  Aq  + C  j  cos  (jx  -  0j) 

J-l 

If  N  is  the  number  of  equally  spaced  input  points  (not  including  360*)^ 


n 


A°  “  N^Eyi 
1-1 

Aj  .  cos[^] 


4  m  1  9  ^ 

»J  *»*»•••  *2" 
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APPEIiDIX  II 


BLADE  LOADS  VERSUS  SPAli  -  DYNAMIC  COMPQKEiiTS 

The  plottings  presented  in  this  appendix  show  the  dynamic  components  of  the 
airloads  (in  pounds  per  inch)  and  pitching  moments  (in  inch-pounds  per 
inch)  versus  blade  station  for  eight  azimuth  positions,  as  indicated,  of 
the  20  test  conditions  selected  for  full  analysis. 

The  corresponding  static  components  are  shown  in  Appendix  III.  A  complete 
set  of  the  dynamic  components  of  blade  loads  for  72  azimuth  positions  is 
tabulated  in  Appendix  VII. 
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APPENDIX  III 


BLADE  LOADS  VERSUS  SPAN  -  STATIC  COMPONENTS 


This  appendix  contains  the  plottings  of  the  static  components  of  the  air¬ 
loads  (in  pounds  per  inch)  and  pitching  moments  (in  inch-pounds  per  inch) 
versus  Blade  station  for  the  20  test  conditions  selected  for  full  analysis. 
The  identification  "Blade  Azimuth  360”  means,  in  this  case,  that  the  static 
component  is  valid  for  all  azimuth  positions  0  through  360  degrees. 

The  corresponding  dynamic  components  are  shovn  in  Appendix  II.  Tabulated 
data  of  the  blade  loads  are  listed  in  Appendix  VII. 
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APPENDIX  IV 


BLADE  LOAD  HARMONICS  VERSUS  SPAN 


The  spar.vise  distribution  of  the  steady- state  tern  and  the  first  three 
narmonic  components  of  the  olaae  loads  (in  pounds  per  inch)  are  presented 
in  this  appendix  for  the  selected  20  conditions. 

The  symbols  used  for  identification  are: 

AO  steady-state  term 

AI  cosine  term  of  1st  harmonic 

31  sine  term  of  1st  harmonic 

AT  cosine  term  of  2nd  harmonic 

22  cine  term  of  2nd  harmonic 

A5  cosine  term  of  3rd  harmonic 

33  sine  term  of  3rd  harmonic 
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Volume  I  of  a  3 -volume  report 


U.  S.  Army  Aviation  Materiel  Laboratories 
Fort  Eustis,  Virginia 


This  report  presents  the  results  of  a  two-phase  research  program  consisting  of 
(1)  in-flight  measurement  of  aerodynamic  pressures  and  structural  loads  on  a  com¬ 
pound,  rigid- rotor  helicopter  and  (2)  correlation  of  these  data  with  theoretical 
results. 

Flight  test  data  obtained  in  Phase  I  and  recorded  on  an  oscillograph  were  read  on  an 
oscillograph  reading  machine  and  were  processed  in  an  automatic  data  reduction  pro¬ 
gram.  This  data  processing  consisted  of  integration  of  the  pressure  data  to  obtain 
the  distribution  of  aerodynamic  lift  and  pitching  moments  over  the  rotor  blade,  as 
functions  of  azimuth  position.  Airload  and  structural  load  data  were  harmonically 
analyzed. 

Output  of  the  data  reduction  program  was  used  in  Phase  II  as  input  to  the  correlation 
program.  The  measured  airloads  were  used  to  compute  the  theoretical  bending  and 
torsion  responses  of  the  blade.  The  measured  torsion  moments  were  used  in  the 
theoretical  prediction  of  the  airloads.  The  results  of  the  applied  theories  are  com¬ 
pared  with  the  flight  measurements. 
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